Purely hadronic B decays are vital to the study of CP violation within and beyond the Standard Model of particle physics. One key contribution is the determination of of the CKM angle γ. In addition, very large direct CP violation has been observed in regions of phase space of multi-body hadronic decays, the description of which remains a significant challenge. In this summary, we discuss the recent results and progress for the determination of γ and direct CP violation in purely hadronic B decays as presented at CKM 2018.
Introduction
Within the Standard Model of particle physics (SM), CP violation is accommodated by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The violation of the CP symmetry is a crucial element to explain the imbalance between matter and anti-matter in the universe, and its study forms an important part of the flavour physics program. The goal is to precisely determine the SM CKM parameters, and to obtain insights in possible new sources of CP violation beyond the SM.
Purely hadronic B decays are vital to this endeavour. Decays like B → DK, allow for a precise determination of the Unitary Triangle (UT) angle γ, which plays an important role in the study of CP violation. At the moment, this angle is the least well known of the three UT angles, however due to significant experimental progress this is expected to change in the near future. From a theoretical point, the study of CP violation in pure (charmless) hadronic B decays is challenging due to the strong decay dynamics of these decays. The incredible amount of data available from LHCb and the B-factories provides a perfect set-up, but requires reliable and precise theoretical predictions and poses experimental challenges. In this summary, we present recent experimental and theoretical progress, and give a brief outlook for the exciting future to come.
Determination of γ
One of the key parameters of the CKM matrix is the Unitarity Triangle (UT) angle γ:
It can be determined in a theoretically clean way from tree-level B → D ( * ) K ( * ) and B → D ( * ) π decays using the interference between the b → ucs(d) and b → cus(d) transitions. The theoretical uncertainty on γ determined from these decays is expected to be δγ/γ 10 −7 as no penguin operators contribute to the decay amplitudes, and in addition electroweak box corrections are shown to be tiny [1, 2] . However, it has been pointed out that new physics contributions to the tree-level Wilson coefficients C 1 and C 2 might actually influence the determination of γ from tree decays [3, 4] .
Several methods to determine γ have been proposed [5] [6] [7] [8] , differing in the type of D decays that are probed: the GLW [5, 6] method, exploiting D decays to CP -eigenstates; the ADS [8], using doubly Cabibbo-suppressed decays; the GGSZ [7] , which exploits the three-body D decays to self-conjugate modes, such as
The best sensitivity is achieved by combining the various methods and decay modes as each of them has a different sensitivity to γ depending on the CP -conserving parameters entering the decay amplitudes. The latest combination of γ measurements by the LHCb collaboration [9] yield γ = (74.0
which is in very good agreement with the world averages γ = (71.1 • with the current experimental precision using as the only external input the value −2β s . Projections show that a precision of 2.5
• on γ is achievable at the end of Run3 of LHCb from this channel alone [22] .
With the increasing precision of the collected data sets, it will be possible to exploit also new decay modes to determine γ. Even though the statistics are still insufficient to fully exploit the full potential of these decays, the long term prospects are encouraging given the large sensitivity to γ provided by these modes [6, 22] .
New analyses of B → Dh decays are also available from the Belle experiment [25] . The much cleaner environment of e + -e − collisions and the fixed centre-of-mass energy allow to work with D-meson decays that involve γ and π 0 in the final state, that are very challenging for LHCb, like
This last final state is very interesting given its relatively large branching fraction of 5.2%. A precision on γ of 25
• is expected from this 1 The technique of partially reconstructing channel alone with the full Belle data set, while a 4.4
• precision is foreseen if projecting to the 50 ab As already mentioned, thanks to impressive data set that will be collected by Belle-II and the LHCb upgrade, the determination of the angle γ will reach an impressive precision of about 1
• for each experiment in the next few years. Even more impressive are the prospects for a second upgrade of LHCb; collecting an integrated luminosity of 300 fb −1 would shrink the uncertainty on γ to 0.35
• [22] . Figure 1 shows the comparison between the current determination of γ from LHCb and the expected determination with 300 fb −1 of integrated luminosity. However, the analyses that mainly contribute to the γ determination require external inputs, that will soon become the limiting factor to achieve such a precision. The best way to determine these input parameters is to study quantum-correlated charm decays, that can be produced at e + -e − colliders operating at the ψ(3770) resonance threshold. Decays of ψ(3770) to two neutral charm mesons allow the measurement of the strong phases, the coherence factors and the CP content of multibody charm decays. In this respect the rôle of BES-III, and its predecessor CLEO-c, will be crucial. The current contribution of CLEO-c is quantified in an uncertainty of about 2
• on the overall error on γ [29] . Fully exploiting the full sample collected by BES-III, corresponding to about 10 times the integrated luminosity of CLEO-c, will allow to reach a sub-degree precision on γ. As an example, in Figure 2 3 CP violation in two-body B decays Two-body B decays are theoretically challenging to describe as both the initial and final states are purely hadronic. These decays have been studied in various approaches such as QCD factorization (QCDF) [30] [31] [32] , pQCD [33] [34] [35] or by using flavour symmetries of the light quarks [36] .
Here we focus on the status and prospects for QCD factorization [37] and recent developments for B → πK decays using flavour symmetries [38] . QCD factorization makes use of the heavy B meson mass to make a systematic expansion both in Λ/m b as well as in α s . Importantly, at leading order in Λ/m b the strong phases required to generate CP violation are only generated at order α s , making the study of these contributions crucial. While the topological tree amplitudes are known already at NNLO level [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , the leading penguin amplitudes represent the last missing ingredient to establish QCD factorization at the NNLO level to leading power in Λ QCD /m b . The calculation of the vertex correction to the latter amounts to a genuine two-loop, two-scale problem including a kinematic threshold, and applies state-of-the-art multi-loop techniques. Recently, also the leading penguin amplitudes were calculated [49, 50] . The NNLO correction turns out to be sizable, but there is no breakdown of the perturbative expansion [50] . The sizable NNLO effects in the amplitude gets diluted in quantities like amplitude ratios, direct CP asymmetries and branching ratios.
The key question is how to improve QCDF-based predictions for non-leptonic B-decays in the future [37] . On the perturbative side, the NNLO QCD correction to the power-suppressed but chirally enhanced (and therefore phenomenologically relevant) penguin amplitude a 6 are still missing, as well as NLO QED corrections. Moreover, it could be beneficial to combine insights from two-body decays with the QCDF formulation of three-body decays [51, 52] . The most urgent issue in two-body charmless nonleptonic B-decays in QCDF is, however, improving our poor understanding of power corrections. To date their inclusion amounts to a rather crude parametrisation [53] or to a data-driven approach [54] . An understanding of power corrections in QCDF on field-theoretic grounds is therefore highly desired, and ideas in this direction exist based on the 'collinear anomaly' [55, 56] in collider physics. The long-term goal is to obtain a comprehensive QCDF analysis of all channels and observables with a satisfactory treatment of power corrections.
In this respect, phenomenological studies using flavour symmetries can provide valuable insights into the strong decay dynamics of pure hadronic decays and non-perturbative contributions. Specifically interesting are B → πK decays, which are dominated by QCD penguin topologies due to a CKM suppression of the tree topologies, and which were studied extensively [53, [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] . In fact, using an isospin relation between the neutral B → πK decays, a correlation between the direct and mixing-induced CP asymmetries of B 0 → π 0 K 0 S is found, which is in tension with the experimental data [57, 58, 68] . Interestingly, this tension has grown stronger over the years in particular due to more precise determination of γ, which emphasizes the importance of improved γ determinations for phenomenological studies. The tension cannot trivially be resolved by a change in the data, as was recently discussed [38, 57, 58] . Here a state-of-the-art analysis of B → πK using flavour SU(3) symmetry was performed, including the electroweak penguin (EWP) contributions that are at the same level as the tree contribution in these decays. In addition, the angle φ ± between the amplitude A(B 0 d → π − K + ) and its CP -conjugate was studied and found to provide an additional stringent constraint which increases the tension between the SM prediction and the current experimental data. An intriguing possibility is that this discrepancy is signalling New Physics, for which a modified EWP sector is a prime candidate. The B → πK decays, therefore, provide an excellent opportunity to study the parameters that govern these EWP contributions. Isospin relations between the B → πK amplitudes can be used to determine them in a theoretically clean way, using only minimal SU(3) assumptions [57, 58, 68] . In this new strategy, the mixing-induced CP asymmetry of B 0 d → π 0 K S plays an important role, offering exciting prospects for Belle II. Although in general, theoretical uncertainties are difficult to control in non-leptonic B decays, in this new method, the theory uncertainty is expected to be at the same level as the experimental precision that can be reached at the end of Belle II [69] . The new strategy offers exciting possibilities for the nearby future and would potentially allow for the observation of new CP -violating physics in the B → πK system.
From the experimental point of view, charmless non-leptonic B decays are also challenging. Main experimental issues are related to the cross-contamination of the different final states that need to be suppressed with excellent particle identification capabilities. This is complicated by the fact that the typical branching ratios of these decays vary by about three order to magnitudes (between 10 −5 and 10 −8 ) making some of the decay modes the main source of background to other channels. New results have been shown by LHCb and Belle, plus interesting projections on the capabilities of Belle-II. Updated measurement of CP violation in B Figure 3 . However, the real breakthrough is expected with Belle-II, when the much larger statistics will allow to exploit the Dalitz decay π 0 → γe + e − . This makes it possible to perform a time-dependent analysis of the B 0 → π 0 π 0 decay, measuring both the direct and mixing-induced CP asymmetries. Finally, a precision on α of about 2
• is expected using only the B → ππ system, while the overall precision on α is expected to be below 1
• [27]. Another interesting channel that is challenging for LHCb, given the reduced acceptance of the experiment to the long living K 
CP violation in three-body B decays
Multibody decays form a large part of the non-leptonic B-meson branching fraction. Especially, in the study of CP violation they are interesting because due to their non-trivial kinematics, these decays contain more information on strong phases than two-body decays. For charmless B → hhh decays, interesting and rich patterns of direct CP violation, (A CP ), across the Dalitz distribution were indeed observed [81] . In particular, a clear correlation between the channels B ± → K ± π + π − and B ± → K ± K + K − decays was observed, where the CP asymmetries carry opposite signs. This is a signature of the rescattering process π + π − → K + K − and a consequence of the CP T symmetry, which requires the equal total decay rates between particles and antiparticles [82] . Theoretically, such three-body decays are challenging to describe and a large variety of approaches are considered (see e.g. [82] [83] [84] ). Recently, three-body decays were also studied for the first time in a QCD factorization approach [51, 52] , which requires new non-perturbative objects as the B → hh and 2h distribution amplitudes.
To fully understand the different CP patterns and distribution of the strong phases across the Dalitz plot a full amplitude analysis is required. For . Therefore, at these high energies DD → KK(π − π + ) may be important, in analogy to ππ − KK rescattering at low energies. The effect of this DD rescattering, can be parameterized by a pure hadronic triangle loop [88] , which would generate a distinct structure in the Dalitz plot. In particular, the phase of the hadronic amplitude changes sign across the DD threshold. This triangle parameterization could be confirmed by data, using amplitude analysis of the B ± → K − K + K ± channel. Interestingly, a similar contribution would also influence the rare B c → K
. New data from LHCb, would be able to test the charm rescattering parametrization.
Extracting γ from three-body decays
The conventional methods to extract γ from hadronic B → Dh decays are theoretically clean because these decays proceed through pure tree-level transitions. Besides, using flavour symmetries, it is also possible to extract γ from penguin dominated charmless two-body B decays [90, 91], but also from three-body B decays [83, 92] . Because of the relevant contributions of penguin topologies to the decay amplitudes, these latter decays might be sensitive to new particles that could enter the loops as virtual contributions, making very interesting to compare extractions of γ from tree-and loop-dominated decays.
The angle γ can be extracted from B → hhh decays using a diagrammatic analysis, and by relating the hadronic parameters of the different decays by SU(3) flavour symmetry [83, 92, 93] . In this way, by using the available branching ratios, direct and mixing-induced CP asymmetries, γ can be determined from data [94] . Thanks to the number of observables that over-constrain the system of equations, it is also possible to introduce a parameter that takes into account possible SU(3)-breaking effects, hence relaxing the theoretical assumptions of the method. An implementation of this method using BaBar data for
was first presented in Ref. [92, 94] . In the SU(3) limit, the momentum dependent hadronic parameters are equal in each point in the Dalitz plot, making it possible to extract γ (and the SU(3)-breaking parameter) independently in different regions. The key advantage is that the extracted values of γ can then be averaged over the entire Dalitz plot, and thereby increasing the precision.
Recently, a new analysis using this method was performed, which takes into account several systematic uncertainties [96, 97] . By combining several hundred sets of points on the Dalitz plane, and taking into account the correlations among the different points, six possible solutions for γ with a O(10 • ) precision were found. The uncertainty is comparable with measurements of γ from decays including loops processes and allows for a comparison with the world average from measurements obtained with tree-dominated decays [11, 12] . Very interesting is the possibility of the analysis to quantify the strength of SU(3)-breaking effects. Although locally SU(3) breaking might be large, it was found that averaging over a large number of points in the Dalitz plane, the breaking effects are O(6%) [96, 97] .
Efforts to included anti-symmetric states or mixed states are undertaken, which may help to decrease the statistical uncertainties and reduced the number of solutions. It would be interesting to perform this analysis using LHCb and Belle-II data by extracting γ directly from a simultaneous fit. 
Experimental status
From the experimental point of view the study of B 
which is the first observation of CP violation in this channel with a significance of more than 6 standard deviations. The very large CP asymmetry is visible in Figure 4 , where the projection on the Dalitz-plot variables m 
CP violation in beauty baryons at LHCb
In contrast to meson decays, CP violation in the baryon sector has never been observed. In this quest, the study of beauty-baryon decays, and in particular those without charm quark in the final state, provides excellent opportunities. In fact, these decays might have large CP asymmetries, as the tree-level and loop-level transitions are comparable in magnitude which allows for large interference effects. Thanks to the large production cross-section of beauty baryons in pp collisions at the LHC, the LHCb experiment is the only active experiment capable of expanding our knowledge in this sector, as these decays are not accessible at the e + e − KEK collider. The only measurement of CP violation in b-baryon decays previous to LHCb was the measurement of the direct CP asymmetries of Λ 
In addition, the LHCb collaboration also studies b-hadron decays with multibody final states. Recently evidence for CP violation in the Λ 0
with a significance exceeding the 3 standard deviations was reported. The analysis is based on the full Run1 statistics, corresponding to integrated luminosities of 1 fb −1 and 2 fb −1 of pp collisions collected as √ s =7 TeV and √ s =8 TeV, respectively, and the experiment has the potential to establish a first observation of CP violation in a baryon decays when including also the Run2 data. In the analysis, triple products of the momenta of the final-state particles are used to build observables that are sensitive to the violation of the P and CP symmetry [104, 105] . These observables have the advantage of being almost insensitive to spurious asymmetries, like the detection asymmetry of charge-conjugate final states or the imbalance between the production cross sections between Λ 
, reconstructed using the Run1 data [106] . Again, no evidence of P or CP violation is observed for these decay modes. Moreover, inspecting the phase space of the pK − π + π − and pK − K + K − final states the decay Λ . Given that the sector of beauty baryon decays is almost unexplored, the many results expected in the near future will require a joined effort both on the experimental and on the theory side to provide reliable interpretation of the experimental results.
Conclusion
The search for new sources of CP violation in B decays remains an interesting but challenging enterprise. With the start of Belle-II and the continued analyses at LHCb, many exciting new results will surface in the near future. Among these are determination of γ from single experiments at the few degree level and an expected combined precision of an impressive 1
• . In addition, with Belle-II running also the decays with neutral particles (like photons and π 0 ) in the final states will be updated and new CP asymmetries measured, which provide also important guidance to stimulate theoretical progress. Finally, especially in the three-and multibody B decays exciting results are expected in the nearby future. Most importantly, the full exploitation of this incredible amount of data, requires continued efforts and synergies between theorists and experimentalists. Theoretically, there are still the power-corrections and the description of three-body decays that require further investigations and many interesting avenues can still be explored, especially when making use of the available data. We look forward to the many interesting new analysis and theoretical progress that will be presented at the next CKM workshop. [13] LHCb collaboration, R. Aaij et al., Measurement of the CKM angle γ using [18] R. Fleischer, New strategies to obtain insights into CP violation through [83] B. Bhattacharya and D. London, Using U -spin to extract γ from charmless B → P P P decays, JHEP 04 (2015) 154, arXiv:1503.00737. [85] A. C. dos Reis. talk at 10th conference of the CKM matrix (CKM 2018), these proceedings.
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